IMPORTANCE Twenty-four-hour intraocular pressure (IOP) patterns may provide more information regarding rates of visual field progression than office-hour measurements. However, little is known about the added value of 24-hour monitoring when stratifying glaucoma risk based on rates of progression.
I ntraocular pressure (IOP) is a risk factor for glaucoma onset 1 and progression [2] [3] [4] [5] and is characterized by both short-and long-term fluctuations, either physiologic or related to efficacy and duration of antiglaucoma medications. 6 Nonetheless, glaucoma management is often based on single IOP measurements determined during office hours that can miss peaks in over 60% of patients. 7, 8 Different methods have been proposed to provide a more comprehensive assessment of IOP patterns, including office-hour diurnal curve testing, self-tonometry, 9,10 and 24-hour monitoring in sleep laboratories. 8 More recently, 24-hour IOP estimation has been possible using a contact lens sensor (CLS) system (Triggerfish; Sensimed AG) that records patterns of changes of ocular dimensions related to IOP. 11 The inbuilt sensor captures spontaneous circumferential changes at the corneoscleral limbus that occur owing to IOP and volume changes. Output signals from the CLS are in electronic units of millivolt equivalents whose mean 24-hour patterns have been correlated with the mean 24-hour tonometric curve.
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A recent study demonstrated that certain variables derived from CLS signals provide a signature that can differentiate patients experiencing fast vs slow visual field progression of glaucoma. 13 In addition, this signature obtained during a 1-day session had a better association with rates of visual field progression than Goldmann applanation tonometry (GAT) measurements taken multiple times over years. However, that study had limitations that prevented the generalizability of the results, such as a relatively small sample size, stringent inclusion and exclusion criteria, and patients coming from a single referral glaucoma practice.
To overcome these limitations and test the generalizability of the previous findings, we analyzed the data of a large, multicenter consortium of patients with treated open-angle glaucoma who underwent 24-hour CLS recordings and had a series of previously measured visual field test results available to evaluate the association between CLS variables and rates of glaucoma progression.
Methods
The Triggerfish Consortium compiled data from 50 centers in 13 countries in which CLS recording was performed in a total of 1355 eyes; 445 eyes of 445 patients were evaluated in the present study. The CLS data were obtained as part of different prospective studies or registries approved by a qualified body or institutional review board in each center (eAppendix 1 in the Supplement), whereas visual field data were collected retrospectively. The study was conducted from November 8, 1999 , to September 17, 2016 . The study followed the tenets of the Declaration of Helsinki 14 and written informed consent was obtained from all participants. No financial compensation was provided. eFigure 1 in the Supplement summarizes the exclusion and inclusion criteria for this study. We included patients with open-angle glaucoma defined as follows: open angles on gonioscopic examination, glaucomatous optic neuropathy defined based on evaluation of optic disc photographs by glaucoma specialists, visual field abnormalities consistent with the findings on optic disc photographs and repeatable on at least 2 consecutive tests, and at least 3 reliable visual field tests performed before the date of recording with the CLS.
All visual fields were performed using the Humphrey perimeter (Humphrey Field Analyzer, Carl Zeiss Meditec Inc) with 24-2 or 30-2 tests and required reliability indices with false-positive responses of less than 15%. We did not use cutoff values for fixation losses and false-negative responses. 15 Both Swedish Interactive Testing Algorithm (SITA)-Standard and SITA-Fast tests were included; both the tests (24-2 or 30-2) and algorithms (SITA-Standard or SITA-Fast) had to be consistent within each patient during the follow-up period.
The CLS System
All patients underwent a 24-hour recording session with a wireless CLS. 16 The device can record IOP-related fluctuations for up to 24 hours and remains active during undisturbed sleep. Three hundred data points are acquired during a 30-second measurement period, which is repeated every 5 minutes. The technology is described in more detail elsewhere. 11 eFigure 2 in the Supplement depicts the output of a 24-hour CLS recording.
Statistical Analysis
Mean deviation (MD) slopes (in decibels per year) were calculated with best linear unbiased prediction following mixed-effects linear models testing the association between MD (in decibels as dependent variable) and time (in years as independent variable). We used an unstructured variancecovariance matrix to model the random effects. To test the association between CLS variables and prior visual field progression, we used 2 types of regression models. First, we created linear regression models with the MD slopes as a continuous outcome. Second, we used binary logistic regression models with a dichotomous classification of MD slopes (fast vs slow), with cutoff at MD slopes less than −1.0 dB/y.
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A large number of variables (n = 55) can be derived from the CLS output (eFigure 2 and eAppendix 2 in the Supplement). For each of the models described above (linear and logistic), we tested the association between the dependent
Key Points
Question Does a single 24-hour curve with a contact lens sensor that measures intraocular pressure-related patterns correlate with the rates of visual field progression in patients with treated glaucoma?
Findings In a cohort study including 445 patients (445 eyes) with glaucoma, a combination of contact lens sensor-derived variables was associated with prior rates of visual field progression of glaucoma. These variables performed better than Goldmann intraocular pressure measurements taken over follow-up.
Meaning These findings suggest that a single 24-hour contact lens sensor session can help in risk stratification of patients with treated glaucoma.
variables and CLS variables with 2 different approaches, using (1) each variable (n = 55) in univariable and multivariable models and (2) principal component (PC) analysis to reduce the number of the above-mentioned factors. The details of the PC analysis method have been described elsewhere.
18 A brief description of how we derived the 14
PCs is reported in eAppendix 3, eFigure 3, and eTable 1 in the Supplement.
The following covariates were also tested in each model: age, visual field MD value closest to the date of CLS recording (henceforth called baseline MD), number of medical IOP-lowering interventions, number of laser trabeculoplasty procedures, and number of incisional glaucoma surgeries during the visual field testing period. After the CLS variables were tested in univariable models, those with P values <.20 were evaluated in multivariable models with the covariates, using backward stepwise selection to eliminate those with P values >.05, although the covariates were kept as locked terms (regardless of their P values).
Finally, to determine whether regression models including CLS variables had better fit than when using mean IOP (ie, the mean of all GAT IOP measurements during the sequence of visual fields used to calculate the MD slopes), we compared Akaike information criteria (AIC) between the models. In brief, this statistic enables the comparison of the goodness-of-fit between models while taking into account their complexity, which can be influenced by the number of variables. The model with a smaller AIC value suggests better fit. We also reported the adjusted R 2 values for each model to measure the proportion of the total variance of the outcome that is explained by the set of variables. We used the Benjamini-Hochberg procedure to account for family-wise error rates. False discovery rates were set at 10%. All tests were 2-tailed. Statistical analyses were performed using commercially available software (Stata, version 14; StataCorp LP).
Results
We analyzed the data of 445 eyes of 445 patients (238 [53.5%] women]; 394 [88.5%] white). The mean (SD) age at the time of CLS testing was 68.9 (11.2) years, and patients were examined with a mean of 7.5 (5.4) visual field tests spanning 4.7 (5.4) years. The mean time between the first and last visual field test and the CLS recording was −1975 (range, −5923 to −220) and −39 (range, −1015 to +397) days, respectively ("−" indicates before the CLS recording, and "+" is after the recording). The Figure shows the distribution of MD values (closest to the date of CLS recording) and MD slopes. The mean baseline MD was −9 (7) dB and mean MD slope was −0.46 (0.5) dB/y. eTable 2 in the Supplement provides the correlation table testing of the association among CLS PCs, age, MD severity, MD slopes, and GAT IOP. Eyes with lower GAT IOP experienced faster rates of MD change prior to CLS testing, suggesting escalation of therapy as progression was detected or suspected. Also, eyes with a lower IOP had worse baseline MD. The PC3, PC8, and PC10 findings were associated with GAT IOP. In addition, many PCs were associated with age (PC1, PC3, PC4, PC5, PC7, PC11, and PC12). Table 1 reports the multivariable model including the set of confounders. The model had an AIC value of 515.7 and an adjusted R 2 value of 27.9%. Table 2 reports the results of the univariable analysis of each CLS variable. Those with a significance level of P < .20 were entered in the multivariable model with the covariates discussed above ( Table 3) . The significant CLS variable after the Benjamini-Hochberg procedure was the mean peak ratio while awake. The model had an AIC value of 506.5 and an adjusted R 2 value of 30.1%. The model including mean GAT IOP instead of CLS variables had an AIC value of 517.3 and an adjusted R 2 value of 27.8% (eTable 3 in the Supplement). Abbreviations: AUC, area under the curve; OPA, ocular pulse amplitude; OPF, ocular pulse frequency.
Linear Regression Models CLS Variables as Independent Variables
a The dependent variable is the mean deviation slope in decibels per year.
b This feature is defined as maximum (Triggerfish burst curve during sleep) − minimum (Triggerfish burst curve during sleep). By Triggerfish burst curve we mean the curve composed of the 288 medians from the actual curve.
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Research Original Investigation Intraocular Pressure Monitored With Contact Lens Sensor and Visual Field Progression in Glaucoma Discussion
We tested the hypothesis that a combination of features derived from a CLS output was associated with rates of visual field progression of patients with treated glaucoma. We found that a combination of CLS variables obtained during a single 24-hour recording session was associated with prior global rates of progression. Moreover, the models including CLS variables had better fit compared with measurements taken with the current standard, that is, the mean IOP measured with GAT over the entire follow-up period. Among the tested CLS variables, the mean peak ratio while the patient was awake was the best variable associated with faster visual field progression of glaucoma. As described in eAppendix 2 in the Supplement, a CLS output peak will have a high peak ratio if the height is greater, the time to peak is shorter, or both. This ratio describes peaks that are more likely to be clinically significant. Our results show that, for every 10-U increase in this ratio, the mean rate of MD change was 0.02 dB/y faster on average. To put this finding in perspective, when analyzing data from the Ocular Hypertension Treatment Study, De Moraes et al 20 showed that a 1-mm Hg IOP reduction led to a mean MD rate of change improvement of 0.03 dB/y on average. Among the tested CLS PCs, PC6 was associated with faster progression. The variables with strongest loading to this component were the night bursts amplitude mean and night bursts peak count mean. However, the direction of the association is opposite from what one would expect: the higher PC6 score, the slowest the rate of MD change (mean, 0.02 dB/y slower on average for each unit increase). There are at least 3 potential explanations for this finding. First, eyes with faster progression may have been treated more aggressively, which probably dampened the nocturnal bursts by the time of CLS testing. This finding can be implied based on the effect of medications and baseline MD severity in the multivariable model (Table 1 ). In addition, the mean GAT IOP was lower in eyes with faster MD slopes, which also had worse baseline MD (eAppendix 4 in the Supplement). Another possibility is related to the definition of these nocturnal bursts, which are small signals measured within 30 seconds and may not have the same clinical implications as the larger, longer peaks depicted with the mean peak ratio. These short signals may be physiologic phenomena that reflect the plasticity of the globe. For instance, in eyes with stiffer sclera, changes in IOP may lead to greater deformation of the corneoscleral junction that translate into large, long CLS signals; in more plastic eyes, the energy from the same amount of IOP change may be absorbed and result in these short signals. A greater number of these bursts would then suggest more plasticity and more protective biomechanical properties of the eye. Finally, a third possibility is that this is a spurious result given the multiple comparisons performed in this study and thus the increased false-discovery rates. The MD slope findings were mean, −0.46; median, −0.38; and 95% CI, −0.51 to −0.41 dB/y. Given the progressive and irreversible nature of glaucomatous damage, risk assessment plays an important role in clinical decision making.
Glaucoma in patients experiencing faster visual field progression is more likely to continue advancing at faster rates if no changes in treatment are made. Bengtsson et al 21 investigated how well prior visual field progression rates can estimate future visual field outcomes in patients with glaucoma followed up for a mean of 8 years. By using the rates of change of the first half of follow-up to estimate the entire sequence of 10 or more visual field tests, the investigators were able to estimate the final global indices within ±10% of the estimated final visual field index in 70% of the patients. Applying these findings to ours, patients deemed to have fastprogressing glaucoma prior to CLS recordings are more likely to sustain faster progression in the future. Nonetheless, in clinical practice, preexisting rates of visual field change are not always available to estimate future outcomes. Therefore, our findings suggest that 24-hour CLS recordings are significantly correlated with prior rates of progression and thus may be useful to assess the risk of future functional loss, even in situations when insufficient historical visual field information is available. One characteristic of CLS recording is that, although the patterns are correlated with IOP, it does not measure pressure, but rather electric signals owing to volumetric changes in the eye.
11 Nonetheless, the fact that the CLS system measures how the ocular structures respond to pressure may provide additional information to IOP alone. It is therefore possible that IOP findings alone may not fully explain mechanical damage that occurs in glaucoma, but may rather be a function of how tissues respond to a mechanical stimulus based on their biomechanical properties. It is thus possible that CLS-derived signals reflect not only the pressure-related component of glaucomatous damage, but also the susceptibility of ocular tissues to pressure.
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In particular, studies in human posterior ocular tissues have shown that the biomechanical properties of the peripapillary sclera and lamina cribrosa can help to explain how the optic nerve neural tissue may respond to pressure mechanical insult. 21, [23] [24] [25] In eyes with stiffer sclera, for instance, pressure may be transmitted to the lamina cribrosa, causing greater back-bowing compared with eyes with more elastic sclera. The sclera becomes stiffer with aging, 26, 27 and this may help to explain why age increases susceptibility to glaucomatous damage and progression. Although age was not associated with progression in our sample, we found a significant association between age and a number of PCs (eAppendix 4 in the Supplement). It is therefore possible that aging and its effect on scleral stiffness may help to explain CLS signals and how they relate to glaucoma progression. Given that CLS signals are the result of changes in the curvature of the corneoscleral junction, it is plausible that the effects of IOP on the anterior and posterior portions of the scleral canal are correlated. Future studies investigating the association between aging, biomechanical properties of the sclera (or corneascleral junction), and CLS signals are warranted to test the afore-described hypothesis.
Limitations and Strengths
Although we included data from studies that prospectively collected 24-hour IOP-related profiles with the CLS, the present study is a secondary data analysis based on retrospective visual field data collection, thus being subject to the inherent limitations of retrospective study designs. For instance, patients experiencing fast progression during follow-up may have received more aggressive treatment, which in turn could have altered the CLS signals by the time of recording. It is possible, therefore, that stronger effects might have been detected had glaucoma remained untreated-or treatment had not been escalated-during follow-up. This is an issue that future prospective studies should take into account, as not treating or not advancing therapy in the face of progression would be ethically challenging. Given the mainly retrospective study design, it is therefore difficult to determine whether the underlying nature of the association between CLS variables and rates of visual field progression, that is, whether CLS variables are indeed able to estimate faster progression or they reflect changes to treatment as the result of detected or suspected progression prior to CLS testing. In addition, we were able to test the association, but not the predictive ability, between the 24-hour CLS signals and rates of visual field progression. Future studies with prospective collection of visual field tests after CLS recording ought to be performed to evaluate its performance to possibly recognize the patients at highest risk of visual field progression. If confirmed, these findings could have clinical application on risk stratification in glaucoma. For now, it is relevant that a single 24-hour recording with a device that measures volumetric changes related to IOP is associated with prior rates of visual field progression. The findings show that this association was better than that seen when using the present standard for IOP monitoring (ie, the mean follow-up IOP with GAT). Finally, the present study provides support for previous work by including a larger sample size and evaluating more features of the CLS output, including PCs that summarize most of the variance of its 24-hour signals.
Conclusions
In a large multicentric cohort of patients with treated glaucoma, a single 24-hour monitoring of IOP-related patterns provided a signature that was associated with prior rates of visual field progression. Moreover, this signature performed better than the mean GAT IOP during follow-up. Future studies addressing the present limitations and testing the predictive ability of this device are warranted. Role of the Funder/Sponsor: The funding organization had no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and decision to submit the manuscript for publication. Peaks: A peak is defined as a local maximum point in the smoothed Triggerfish function. The calculation of the number of peaks occurs as follows: each trough is noted as the start of a peak. The increase in Triggerfish value (mVeq) from the preceding trough to the local maximum is termed the height. The time elapse (s) from the trough to the local maximum is termed "Time to Peak." The time interval between the trough immediately before the peak and immediately after is the "Peak Width," while "Peak Height" is the length of the perpendicular line from the trough preceding the peak to the peak itself. Large Peaks are defined as peaks with a height of 90mVeq or greater. This distinction differentiates between peaks that may be very small and frequent, but with little clinical interpretation, and those that are more clinically meaningful. The choice of 90mVeq is based on the Height at which there appears to be a large separation between healthy and glaucoma subjects.
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Brief peaks are defined as peaks which occur in a short span of time. A brief peak is a peak in which the time from trough to peak is no more than 30 minutes. This distinction is meant to highlight potentially "high risk" peaks which may be missed on a local IOP reading (such as GAT), but which can be recognized on a Triggerfish curve.
Mean Peak Ratio: for each peak, Peak Ratio is calculated to encompass both the peak height and time to peak values.
Peak Ratio = Peak Height / Time to Peak A peak will have a high peak ratio if the Height is great or the Time to Peak is small or both. This ratio highlights those peaks that are more likely to be clinically significant.
Wake-to-Sleep slope: defined as the slope of the linear regression line that is fitted to the data between one hour before sleep to one hour after sleep. Clinically, this slope is expected to be positive, as IOP tends to rise when one is lying down.
Amplitude of the Cosine Curve: difference between the maximum and minimum values of the cosinefit curve.
Auc Sleep: Area under the curve during sleep period.
Variability from the mean: variability around the mean value of all raw (not smoothed) Triggerfish measurements.
Variability from smooth: mean of difference between smoothed curve and original curve.
For each of the above-described parameters, we calculated their values during 24-hours, during sleep, and while awake.
In burst data:
We compute descriptive statistics of parameters computed on in-burst data. Those in-burst parameters are the following:
Amplitude: The amplitude of the signal over the 30 seconds (max(Triggerfish) -min(Triggerfish)) Std: The standard deviation of the signal over the 30 seconds Opa: The ocular pulse amplitude Opf: The ocular pulse frequency Peak Count: The number of brief peaks in the burst Then for all those parameters above, we compute the distribution among all bursts and we compute the mean and the standard deviation to produce the following parameters:
All Bursts Amplitude mean All Bursts Amplitude standard deviation All Bursts standard deviation mean All Bursts OPA mean All Bursts OPA standard deviation All Bursts OPF mean All Bursts OPF standard deviation All Bursts Peak Count mean All Bursts Peak Count standard deviation The 55 contact lens sensor (CLS) parameters are intrinsically correlated to one another, which could potentially lead to the undesired effects of collinearity in the analyses. 16 Moreover, testing the relationship between each parameter and the rate of visual field progression would require multiple testing, which could lead to inflated type I error rates.
To minimize these issues, we performed principal component analysis (PCA). In brief, PCA is a technique for reducing the dimensionality of a dataset, increasing interpretability but at the same time minimizing information loss. It does so by creating new uncorrelated variables that successively maximize variance. This means that preserving as much variability as possible translates into finding new variables that are linear functions of those in the original dataset that successively maximize variance and that are uncorrelated with each other.
The total number of principal components (PCs) can range from 1 to N, where N is the total number of parameters. To determine the smallest number of PCs that can still explain most of the variance of the construct, the leading eigenvectors from the eigen decomposition of the correlation matrix of the variables describe a series of uncorrelated linear combinations of the variables that contain most of the variance. We selected this number using the Kaiser-Guttman criterion, that is, based upon eigenvectors equal to or greater than 1.0 as the lower bound for the number of factors.
The Table shows 
